The Peak Over Threshold Method (POT) was used as an alternative technique to the traditional analysis of annual discharge maxima of the Danube River. The POT method was applied to a time-series of daily discharge values covering a period of 60 years at the following gauge stations: Achleiten, Kienstock, Wien, Bratislava and Nagymaros. The first part of the paper presents the use of the POT method and how it was applied to daily discharges. All mean daily discharges exceeding a defined threshold were considered in the POT analysis. Based on the POT waves independence criteria the maximum daily discharge data were selected. Two theoretical log-normal (LN) and Log-Pearson III (LP3) distributions were used to calculate the probability of exceeding annual maximum discharges. Performance of the POT method was compared to the theoretical distributions (LN, LP3). The influence of the data series length on the estimation of the N-year discharges by POT method was carried out too. Therefore, with regard to later regulations along the Danube channel bank the 40, 20 and 10-year time data series were chosen in early of the 60-year period and second analysed time data series were selected from the end of the 60-year period. Our results suggest that the POT method can provide adequate and comparable estimates of N-year discharges for more stations with short temporal coverage. Príspevok sa zaoberá analýzou extrémnych hydrologických udalostí na Dunaji metódou Peak Over Threshold (POT). Metóda POT sa používa ako alternatíva určovania N-ročných prietokov k metóde ročných maxím pri analýzach extrémnych hydrologických udalostí. Pre výskyt vrcholových prietokov sa zvyčajne predpokladá Poissonova distribúcia.
Introduction
The annual maximum series approach is the most frequent method used in probabilistic hydrology.
However, this approach considers only one value per year, which may result in loss of information. For example, some peaks within a year may be greater than the maximum discharge in other years hence they can be ignored (Kite, 1997; Chow et al., 1988) . In principle, annual discharge maxima contain critical information on the peak flow, however their use is limited by two factors: 1. the length of the series of annual maxima can be very short, 2. the annual maxima time-series may be interrupted and thus they may not allow us to infer the antecedent conditions in the basin preceding a given peak. The first limiting factor produces uncertainties in interpreting statistical analyses, while the latter constrain implies that statistical models built on a phenomenological basis must rely on ancillary data in order to validate the underling hypotheses on the antecedent state of soil moisture (Claps and Laio, 2003) .
This situation is avoided in the Peaks Over Threshold method (POT). Data series of the POT method considers all values exceeding a certain predefined threshold (Bayliss, 1999; Rao and Hamed, 2000) . The POT method has been proposed as an alternative analytical tool to the method of annual discharge maxima for analysis of extreme hydrological events. This method was discussed in a number of papers (Langbein, 1949; Todorovic, 1970; Cunnane, 1973; Rosbjerg, 1977; Madsen at al. 1997 and Lang at al. 1999) . In practice, however, it seems to be meaningful to consider not only the annual discharge maxima but also flood events that exceed safety limits. The idea is to derive the distribution and magnitude of annual floods from assumed distributions of the annual occurrence of events and the magnitudes of the POT. Shane and Lynn (1964) assumed that the Poisson distribution is valid for the occurrence of flood peaks, and flood magnitudes exhibit an exponential distribution. Zelenhasic (1970) investigated the distribution of annual maximum floods assuming the Poisson distribution for annual event occurrence and an exponential distribution for their magnitudes.
Önöz and Bayazit (2001) showed that for flood estimation, negative binomical (or binomical) models in combination with the exponential distribution of peak heights are almost identical in performance as the Poisson model. This result is in agreement with the findings of Kirby (1969) and Cunnane (1979) , and makes it unnecessary to prefer the binomical or negative binomical models even when the Poisson process hypothesis is rejected by statistical tests. It is easier to use the Poisson model because it leads to much simpler expressions for the N-year flood and its sampling variance.
In the 1980s and early 1990s the statistical method was generalized in different ways, including time-dependent parameters (North, 1980); correlated peak values (Rosbjerg, 1985) , risk estimation (Konecny and Nachtnebel, 1985; Rasmussen and Rosbjerg, 1989) , Bayesian approaches (Roussele and Hindie, 1976; ), a fixed number of peaks (Buishand, 1989) , seasonality (Rasmussen and Rosbjerg, 1991b) , and other alternatives to the exponential distribution of threshold exceedances such as Weibull (Ekanayake and Cruise, 1993), Lognormal (Rosbjerg, 1987 b); Rosbjerg et al., 1991) , and the generalised Pareto (Davison and Smith, 1990; Wang, 1991; Rosbjerg et al., 1992 ). An extensive analysis of the methods for calculation of N-year discharges is given in the paper of Szolgay et al. 2003; Szolgay, 2000. Bača and Mitková, 2007 reported changes in the occurrence frequency of extreme hydrological events in a small agricultural basin using the POT method. The pros and cons of using either the POT method or series of annual discharge maxima for a statistical estimation of design values for the Danube-Bratislava station was investigated by Mitková et al. (2003) .
Recently Lang at al. (1999) discussed the issue of threshold selection, models suitable for the occurrence processes of the peaks and for the distribution of their magnitudes, and the correspondence between the POT and annual maximum flood distributions. They concluded that the main difficulties of the POT approach concern the selection of the threshold level and of the occurrence process. Several applications of the POT method for estimates of design discharge have been shown in worldwide; however in Slovakia, this method has been rarely used. For example in the UK, the POT flood database of the Summary statistics and seasonality was carried out for POT method. This report describes the growth of the POT database, the data extraction procedures adopted, and it considers briefly the seasonality of flooding. The database now holds over 77 000 peaks for 870 gauging stations throughout the UK with an average record length of nearly 20 years (Baylis and Jones, 1993) .
The paper consists of two parts. The first part deals with the estimation of N-year discharges from the 1931-1990 period. The second part concerns the estimation of N-year discharges from shorter data series. The purpose of this paper is to present alternative approaches for analysis of extreme hydrological events. Discharges with different return periods were estimated by the POT method and were finally compared with selected theoretical distributions of year discharge maxima. The POT method can give representative values of extreme flows from shorter time series and can be used to assess N-year discharges.
The POT method
The basic idea is to extract from the daily discharges sequences a sample of peaks containing more than one flood peak per year, in order to increase the available information with respect to the annual maximum analysis.
The POT series includes all maximum discharges over the threshold. The number of the peaks ν in statistical series must be higher than N, where N is the number of years on record. The first threshold can be chosen near the longterm mean discharge. This value is rather low; POT series can have high diffusion and can include some insignificant maxims. Therefore, a threshold value is usually chosen so that POT data series includes in average 4 maximum values per year. In order to provide independence of the POT data the following criterions were used (Bayliss, 1999) : -Time period between two consequent peaks must be at least three times longer than the time of increasing of the first wave. -Minimum discharge between two peaks must be less than 2/3 of the peak height recoded during the first wave. Application of the POT method for peak selection is presented in Fig. 1 . The maximum discharge was obtained during the fourth day, therefore the peak E can be automatically included into the POT series. Increasing time of the wave E is about 15 hours. The peak D occurres less than 15 hours before peak E. Wave D is dependent, hence we cannot include this peak into the POT data series (the same situation is for peak wave F). The peak C is time independent from E, and minimum discharge between E and C is less than 2/3 of the E, therefore the peak C can be included into the POT series. The peak of the wave A is less than the threshold and hence it cannot be included into the POT data series.
The POT method is characterised by two main variables: -number of peaks in each year ; ν -flow exceedances over threshold
The occurrence of discharge maxima is a random process defined as:
where:
The distribution function of annual maxima is ( )
Number of peaks
The number of peaks from the interval (0, t) -one year in this analysis, is a random variable t η that can take values 0, 1, 2, … with probabilities ( )
The occurrence of peaks in this time interval is described as a Markov process with the intensity function
where ( ) , t λ ν -occurrence of peaks in time interval, η -number of the peak, t -time, t Δ -time difference of the occurrence of the number of peaks.
The probability of occurrence of peak exceedances is
The solution to this equation (Eq. (4)) represents the probability law of occurrence of peaks and depends on the form of intensity function λ (Vukmirovič, 1990) .
Peaks over threshold
Distribution function for peak exceedances flow is defined as:
Distribution can be generalized as three-parameter gamma distribution with density function:
Distributions like two-parameter gamma, Weibull's, Erlang's or exponential are special cases of this general distribution. For estimation is recommended one-parameter distribution (exponential, Rayleigh's) or two-parameters distribution (Weibull or gamma).
, where: z -variables (magnitude of exceedance discharge over threshold), µ, β , α -distribution parameters.
Annual maximum
Distribution of annual maximum is obtained by combining the distributions of the number of peaks and distributions of peak exceedances over threshold value (Todorovič, 1970) :
If the number of peaks follows the Poisson distributions then F(x) has the form
Return period
Return period is defined by well-known equation
Study area
The Danube is the second greatest river in Europe. The length of the Danube River is proximately 2 830 km and drains a basin covering 817 000 km 2 . Originating in the Black Forest in Germany at the confluence of the Brigach and the Breg streams, the Danube flows over some 2850 km before emptying into the Black Sea via the Danube Delta in Romania. The Slovak part of the Danube River is situated from rkm 1708.2 (river km) to rkm 1880.2. About 7.5 km of the river creates a natural border to Austria, 22.5 km is in Slovakia and the rest of 142 km is the state border to Hungary (Fig. 2) Carpathians it keeps the slope and flows over its alluvial cone through a complicated network of branches and meanders downstream to the town of Medvedov. The different physical features of the river basin affect the amount of water runoff in its three sections. In the upper Danube, the runoff corresponds to that of the Alpine tributaries, where the maximum occurs in June when melting of snow and ice in the Alps is the most intensive. Runoff drops to its lowest point during the winter months.
In the middle basin the phases last up to four months, with two runoff peaks in June and April. The April peak is local. It is caused by the addition of waters from the melting snow in the plains and from the early spring rains of the lowland and the low mountains of the area. Rainfall is important; the period of low water begins in October and reflects the dry spells of summer and autumn that are characteristic of the low plains.
Water discharge data and method
River regime conditions of the Danube River are subject to temporal changes. These changes result from natural processes (erosion, sedimentation, vegetation cover) or anthropogenic activities (training works, construction of hydropower stations). Due to water flow changes on the Danube River it is impossible to determine the full range of hydrological characteristics (for example Q 100 ) only from the range of historical discharges at given gauging stations. Differences between peak discharges and daily means of the Danube River at Bratislava are changed about 166 m 3 s -1 (3.5%) during the period 1917-2002. This difference is not significant for a large river such as the Danube River. Therefore, the POT method has been applied to daily discharge time series at selected gauging stations: Achleiten, Kienstock, Wien, Bratislava and Nagymaros.
These gauging stations were chosen based on the availability of long-term discharge records. The record covers a period of 60 years . The annual maxima discharges are shown in Figs. 3  a)-e) .
The work consists of two parts. The first part is aimed at the POT method application on all selected data period. The second part concerns the estimation of N-year discharges from shorter data series and the impact of the shortening data time series on the estimation of the design discharges. The daily discharges series of the period of 60 years were divided into three periods:
1. period of 40 years (1931-1971) and (1950--1990 ); 2. period of 20 years (1931-1951) and (1970--1990 ); 3. period of 10 years (1931-1941) and (1980--1990) . Period selection and period dividing of the data series is a subjective process. Therefore, with regard to later regulations of the Danube channel bank the 40, 20 and 10 year time data series were chosen in early of the 60-year period and second analysed time data series were chosen from the end of the 60-year period.
The threshold value at level limit on 0.85 percentile from mean daily discharges was chosen. The next, three filters were used to provide independence of the POT data. Theoretical Weibull distribution was applied for estimation N-year discharges over threshold and number of peaks has Poisson distribution.
A probability of the empirical exceedance curves of the maximum annual discharges in this methodology was determined by Cunnane (1988) relationship.
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where n is number of the years and m -serial number of the sort values. Basic hydrological parameters for assessment of the multi annual runoff are: Qa long term mean annual maximum discharge, Cv -coefficient of variation, Cs -coefficient of asymmetry (Tab. 1). Log-normal distribution and Log-Pearson type III distribution are one of the most frequently used distributions in hydrology. Log-normal distribution is statistical distribution for which the log of the random variable is distributed normally. tion function F(x). Due to results of the Kolmogorov-Smirnov test we cannot reject hypothesis that daily maxima discharges comes from these distributions with 95% confidence. Therefore, theoretical distribution probability functions were used for parameters estimating of the theoretical probability curve of the maximum annual discharges: Lognormal distribution (LN) and Log-Pearson distribution III type (LP3). In this work two approaches of the estimating Nyear discharges were compared. The POT method (Vukmirovič, Petrovič, 1995) has been compared with selected theoretical distribution functions of the annual maximum discharges.
Results
The Peak Over Threshold (POT) method has been used to analyse the extreme hydrological events on the Danube River. The POT method was applied to daily discharge time series over the period of 60 years . Our approach is based on application of the Weibull distribution for estimating of the N-year discharges over the POT threshold values (Figs. 4 a)-e) ). Number of peaks has Poisson distribution and average numbers of peaks per year for the whole period are presented in Tab. 2 with the maximum value (203 peaks) for gauging station Kienstock. Distribution of the annual maxima discharges is obtained by combination of two mentioned distributions: 1. distribution of peak over threshold values and 2. the number of peaks distribution. Computed values of the N-year discharges over the period are shown in Fig. 5 . As noted above, the Log-normal distribution and LogPearson III type distribution were used for parameters estimation of the theoretical exceedance curves. The POT method gives higher Q100 and Q1000 discharge values than other applied distributions for gauging stations Bratislava and Wien during the period (Fig. 5) .
Beňacká (1976 ( ), Zatkalík (1965 , and Svoboda (2000) present higher values of the discharges with the return period 100 and 1000 years than the values obtained by our statistical analysis. It may be resulted from our data period selection and the fact that some of the highest maximum discharges that were recorded on the Danube River were not taken into account for our analysis (historical floods occurred in the years 1501 and 1899). Obr. 5. Prietoky Dunaja s dobou opakovania 100 a 1000 rokov podľa POT metódy, logaritmicko-normálnej distribúcie a Pearsonovho rozdelenia III (60-ročný rad).
T a b l e 3. The Poisson distribution of the number of the peaks for periods 1931-1970, 1931-1950, 1931-1941 and periods 1950-1990, 1970-1990 and 1980-1990 . T a b u ľ k a 3. Poissonova distribúcia počtu vrcholov pre obdobie 1931-1970, 1931-1951, 1931-1941 a obdobie1950-1970, 1970-1990 a 1980-1990. 1931-1970 respectively, for the period of 60 years (Tab. 4). The same approach was used for the analysis of the following data time series, 1931 series, -1940 series, , 1931 series, -1950 series, , 1931 series, -1970 series, , 1950 series, -1990 series, , 1970 series, -1990 series, and 1980 series, -1990 . As shown, the mean number of the peaks over the threshold for all gauging stations is about 3 peaks per/year.
The estimated values of the N-year discharges over the shorter periods 1931-1970, 1931-1950 and 1931-1940 are shown in Figs. 6 a)-e). This figure reveals that the statistical method selection and its application to data series collection have influence to results of the statistical analysis. The application of the POT method for the period of 20 years gives comparable or higher values of the T a b l e 4. Comparison of the discharges with return period 100 and 1000 years for period 1931 -1990 . Discharges of the Danube River with return period 100 and 1000 years according to POT method, Log-normal distribution and Log-Pearson III distribution; a) 1931-1970, b) 1931-1960, c) 1931-1940. Obr. 6. Prietoky Dunaja s dobou opakovania 100 a 1000 rokov podľa POT metódy, logaritmicko-normálnej distribúcie a Pearsonovho rozdelenia III; a) 1931-1970, b) 1931-1960, c) 1931-1940. Fig. 7 . Discharges of the Danube River with return period 100 and 1000 years according to POT method, Log-normal distribution and Log-Pearson III distribution; a) 1950-1990, b) 1970-1990, c) 1980-1990) . Obr. 7. Prietoky Dunaja s dobou opakovania 100 a 1000 rokov podľa POT metódy, logaritmicko-normálnej distribúcie a Pearsonovho rozdelenia III; a) 1950-1990, b) 1970-1990, c) 1980-1990) .
N-year discharge estimations for stations Achleiten, Kienstock, Wien and Bratislava than the traditional analysis of annual discharge maxima. However, lower discharge values were obtained by the POT method in comparison with the Log-normal distribution for the Nagymaros station.
The highest values of the N-year discharges during the periods 1950-1990, 1970-1990 and 1980--1990 were obtained by the POT method for the most gauging stations (Figs 7 a)-c) ). From a comparison of the results of the beginning and the end of our 60-year data period it can be concluded that the differences between the values of N-year discharges increased. For instance the difference for Q 100 at Kienstock is about 2279 m 3 s -1 and for Q 1000 is about 3339 m 3 s -1 (10-year period, Tab. 5). The results show that the differences between the discharge estimations obtained by statistical methods was Q 100 = 4.8% and Q 1000 = 7% respectively during the period of 60 years. The maximum difference was obtained for Q 100 = 6.9% and Q 1000 = 9% respectively during the period of 10 years (1980--1990) . Metódy odhadu N-ročných prietokov z ročných maxím vychádzajú len z jednej maximálnej hodnoty prietoku v roku. Metóda POT však zahŕňa do analýz všetky hodnoty prietokov nad zvolenú prahovú hodnotu, čím sa do analýz dostávajú prietoky druhé alebo tretie v poradí svojou veľkosťou, ktoré ale môžu byť väčšie ako maximálne prietoky v iných rokoch. V danom príspevku boli teda porovnané rôzne prístupy k určeniu N-ročných prietokov Dunaja vo vybraných staniciach. Porovnané boli POT metóda podľa Vukmiroviča a Petrovičovej (1995), štandardná metóda maximálnych ročných prietokov, logaritmicko-normálne rozdelenie a Pearsonovo rozdelenie III. typu. Analýza bola aplikovaná na extrém-ne hydrologické udalosti na Dunaji v profiloch: Achleiten, Kienstock, Viedeň, Bratislava a Nagymaros počas obdobia . Boli spracované dostupné hydrologické údaje a vytvorená vhodná databáza pozorovaných prietokov na Dunaji vo zvolených staniciach. Pre analý-zu boli použité vybrané ročné maximálne prietoky, ako aj priemerné denné hodnoty prietokov nad zvolenou hranicou prietoku Qpot (POT). V ďalšom kroku boli aplikované už vybrané metódy odhadu prietokov s rôznou dobou opakovania na Dunaji v staniciach Achleiten, Kienstock, Viedeň, Bratislava a Nagymaros. V závere sme porovnali a zhodnotili získané výsledky odhadov.
Dĺžka spracovávaného radu má tiež, okrem výberu teoretického rozdelenia pravdepodobnosti, významný vplyv na odhad N-ročných prietokov. Preto druhým cieľom príspevku bolo analyzovať vplyv zmeny dĺžky časového radu na odhad N-ročných prietokov. V práci bol 60-ročný časový rad údajov skrátený na 40-, 20-a 10-ročné rady zo začiatku a konca pozorovaného obdobia. V závere boli porovnané výsledky vplyvu zmeny dĺžky časového radu na odhad prietokov s rôznou dobou opakovania nami zvolenými metódami odhadu. Pri ča-sovom rade 60 rokov metóda POT dávala najvyššie hodnoty prietokov pre stanice Bratislava a Viedeň. Pri skrátení dĺžky časového radu na 40, 20 a 10 rokov dávala metóda POT vyššie alebo porovnateľné odhady Q N pre stanice Kienstock, Viedeň a Bratislava (obr. 6a)-b) a 7a)-b)), odhad pre stanicu Nagymaros dával najvyššie hodnoty Q N prietoku pre logaritmicko-normálne rozdelenie pre periódy zo začiatku pozorovaného obdobia.
Z výsledkov analýzy vyplýva, že metóda POT dáva pomerne dobré odhady N-ročných prietokov aj pre krát-ke časové rady údajov. 
